Abstract: Samples with compositions of 99 w/o MgH 2 +1 w/o Zn(BH 4 ) 2 (designated MgH 2 -1Zn(BH 4 ) 2 ) and 96 w/o MgH 2 +2 w/o Zn(BH 4 ) 2 +2 w/o Ni (designated MgH 2 -2Zn(BH 4 ) 2 -2Ni) were prepared by milling in a planetary ball mill in a hydrogen atmosphere (reaction-involving milling). The hydrogen release properties of MgH 2 -1Zn(BH 4 ) 2 and MgH 2 -2Zn(BH 4 ) 2 -2Ni were compared. A larger quantity of additives and the addition of Ni decreased the temperature at which MgH 2 decomposes in the as-milled samples. Activation processes were not required for these two samples. A larger quantity of additives and the addition of Ni by milling in a hydrogen atmosphere increased the quantity of hydrogen absorbed in 60 min (U (60 min)), the initial hydrogen release rate, and the quantity of hydrogen released in 60 min (R (60 min)). MgH 2 -2Zn(BH 4 ) 2 -2Ni had an effective hydrogen storage capacity of about 5.5 w/o at the cycle number, CN, of one (CN=1). A ZnH 2 phase, which has not been reported to be formed, was found in the MgH 2 -1Zn(BH 4 ) 2 sample and the Zn(BH 4 ) 2 and Ni-added MgH 2 sample after hydrogen uptake-release cycling. Mg 2 Ni was formed in the Zn(BH 4 ) 2 and Niadded MgH 2 sample after hydrogen uptake-release cycling. The rapid hydrogen release rate of the Mg 2 NiH 4 formed in MgH 2 -2Zn(BH 4 ) 2 -2Ni is believed to increase the initial hydrogen release rate of MgH 2 -2Zn(BH 4 ) 2 -2Ni. The Mg 2 Ni decomposed from Mg 2 NiH 4 might facilitate the nucleation of a Mg-H solid solution in the MgH 2 -2Zn(BH 4 ) 2 -2Ni sample. There is also a slight possibility that the contraction due to the relatively rapid hydrogen release of the Mg 2 NiH 4 provides passages for the hydrogen released from neighboring MgH 2 .
INTRODUCTION
Magnesium hydride (MgH 2 ) has a certain number of advantages compared with other hydrides: magnesium (Mg) exists in abundance, its price is less elevated, and Mg is light. However, Mg has the following two important weaknesses in potential applications: MgH 2 releases hydrogen at relatively high temperature and its formation and decomposition rates are low.
The complex metal hydride zinc borohydride (Zn(BH 4 ) 2 ), one of the metal borohydrides, has attracted the interest of numerous researchers due to its high hydrogen density (8.4 w/o) [1] and its low decomposition temperature (323-393 K). Nakagawa et al. [1] synthesized Zn(BH 4 ) 2 by grinding zinc chloride (ZnCl 2 ) and sodium borohydride (NaBH 4 ) together. The preparation of the Zn(BH 4 ) 2 was accompanied by the formation of sodium chloride (NaCl). Nakamori et al. [2, 3] prepared the metal borohydrides M(BH 4 ) n (M = Ca, Sc, Ti, V, Cr, Mn, Zn (fourth period in the periodic table), and Al; n = 2-4) using a mechanical grinding process. They reported that the hydrogen desorption temperature of the M(BH 4 ) n decreased as the Pauling electronegativity of the M increased.
In order to improve the hydrogen sorption properties of Mg, Ni [4] [5] [6] , Ti [7, 8] , and Ti and/or Ni [9] were added. Orimo et al. [6] Srinivasan et al. [10] 
EXPERIMENTAL DETAILS
MgH 2 (Aldrich, hydrogen-storage grade), Zn(BH 4 ) 2 prepared in the authors' previous study [12] , and Ni (Alfa Aesar, average particle size 2.2-3.0 μm, 99.9% (metals basis), C typically < 0.1%) were utilized as starting materials without further purification.
Grinding was carried out under a hydrogen pressure of approximately 12 bar at a rotational speed of 400 rpm for 2 h in a planetary ball mill (Planetary Mono Mill; Pulverisette 6, Fritsch), as explained in the authors' previous study [13] [14] [15] . Mixtures with planned compositions were mixed with balls whose weight was 45 times the sample weight [ball to powder ratio=45/ 1]. Sample handling was conducted in a glove box filled with argon (Ar).
The quantities of hydrogen absorbed by and released from samples as reaction time advanced were measured using a Sieverts' type hydrogen uptake and release apparatus, as presented previously [16] . MgO, NaCl, and ZnH 2 . This shows that ZnH 2 phase, which has not been reported to be formed, is formed during hydrogen uptake-release cycling. MgO is Nakagawa et al. [1] reported that Zn(BH 4 ) 2 releases hydrogen with toxic diborane (B 2 H 6 ) after it melts with an increase in the temperature, and this reaction can be described as follows:
RESULTS AND DISCUSSION
For the measurements of the hydrogen release properties of the as-milled MgH 2 -1Zn(BH 4 ) 2 sample ( Fig. 3(a) ), the sample was heated to a maximum of 683 K and the gases were released by the action of a vacuum pump. It is thought that, during this time, the NaCl remains unreacted, and the following reaction
This indicates that a very small amount of B 2 H 6 is contained in the gas released in the experimental process for the Fig. 3(a) . During the subsequent hydrogen uptake-release cycling of the MgH 2 -1Zn(BH 4 ) 2 sample, the NaCl, ZnH 2 , and MgO remain un-reacted. Thus, during the subsequent hydrogen uptake-release cycling of the MgH 2 -1Zn(BH 4 ) 2 sample, the following reaction occurs between the Mg and H 2 :
For the measurements of the hydrogen release properties of the as-milled MgH 2 -2Zn(BH 4 ) 2 -2Ni sample ( Fig. 3(b) ), the sample was heated to a maximum of 673 K and the following reaction occurs in MgH 2 -2Zn(BH 4 ) 2 -2Ni:
This also indicates that a very small amount of B 2 H 6 is contained in the gas released in the experimental process for the Fig. 3(b) . During the subsequent hydrogen uptake-release cycling of the MgH 2 -2Zn(BH 4 ) 2 -2Ni sample, the NaCl, ZnH 2 , and MgO Thus, during the subsequent hydrogen uptake-release cycling of the MgH 2 -2Zn(BH 4 ) 2 -2Ni sample, the following reaction occurs among the Mg, Mg 2 Ni, and
xMg + yMg 2 Ni + (x+2y)H 2 ⇔ xMgH 2 + yMg 2 NiH 4 . (5) Milling of MgH 2 with Zn(BH 4 ) 2 and/or Ni in hydrogen atmosphere is thought to create defects, create cracks and clean surfaces, and decrease the particle size.
Song et al. [17] reported that the rate-controlling Comparison of the curves in Fig. 3(a) and Fig. 3 (b) indicates that a larger quantity of additives and the addition of Ni decreases the temperature at which MgH 2 decomposes. Figure 5 shows that MgH 2 -2Zn(BH 4 ) 2 -2Ni has a higher initial hydrogen release rate and a larger R (60 min) than MgH 2 -1Zn(BH 4 ) 2 .
Mg 2 Ni and Mg are known to absorb and release hydrogen under similar temperature and hydrogen pressure conditions [19, 20] . From the results of Stampfer et al. [21] , the variation in the equilibrium plateau pressure P eq with temperature was calculated and can be expressed by ln P eq (bar) = -9,348/T + 16.75. 
